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The temporal patterns of BDNF and trkB expression in the developing Xenopus laevis tadpole, and the responsiveness of
retinal ganglion cells to BDNF, both in culture and in vivo, suggest signi®cant roles for this neurotrophin during visual
system development (Cohen-Cory and Fraser, Neuron 12, 747±761, 1994; Nature 378, 192±196, 1995). To examine the
potential roles of this neurotrophin within the developing retina and in its target tissue, the optic tectum, we studied the
cellular sites of BDNF expression by in situ hybridization. In the developing optic tectum, discrete groups of cells juxtaposed
to the tectal neuropil where retinal axons arborize expressed BDNF, supporting the target-derived role commonly proposed
for this neurotrophin. In the retina, retinal ganglion cells, ciliary margin cells, and a subset of cells in the inner nuclear
layer expressed the BDNF gene. The expression of BDNF coincided with speci®c trkB expression by both retinal ganglion
cells and amacrine cells, as well as with the localization of functional BDNF binding sites within the developing retina,
as shown by in situ hybridization and BDNF cross-linking studies. To test for a possible role of endogenous retinal BDNF
during development, we studied the effects of neutralizing antibodies to BDNF on the survival of retinal ganglion cells in
culture. Exogenously administered BDNF increased survival, whereas neutralizing antibodies to BDNF signi®cantly reduced
baseline retinal ganglion cell survival and differentiation. This suggests the presence of an endogenous retinal source of
neurotrophic support and that this is most likely BDNF itself. The retinal cellular patterns of BDNF and trkB expression
as well as the effects of neutralizing antibodies to this neurotrophin suggest that, in addition to a target-derived role, BDNF
plays both autocrine and/or paracrine roles during visual system development. q 1996 Academic Press, Inc.
INTRODUCTION multiple roles in both peripheral and central neuronal devel-
opment (Hohn et al., 1990; Maisonpierre et al., 1990; Rosen-
thal et al., 1990; HallboÈoÈ k et al., 1991; for review see Chao,A central issue in developmental neurobiology concerns
1992; Korshing, 1993). The traditional model for neuro-the cues, from either the local microenvironment in which
trophic support suggested that a trophic agent, synthesizedneurons grow or the target tissues which developing neu-
by target cells, binds to speci®c receptors on the responsiverons innervate, that in¯uence early neuronal development
cells that innervate them and is then transported retro-and differentiation. Neurotrophic factors have been postu-
gradely to have its effects upon the cell bodies of the longlated to play several important roles in the development of
projection neurons. More recent studies on the spatial andmost neuronal populations. In particular, the neurotrophin
temporal patterns of expression of neurotrophins and offamily, which includes nerve growth factor (NGF), brain-
their speci®c receptors have raised the possibility that tro-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3),
phic factors, in particular those of the neurotrophin family,and neurotrophin-4/5 (NT-4/5), has been suggested to play
may regulate development not only at a distance, but also
by acting locally, at the sites where neurons are born and
differentiate (Schechterson and Bothwell, 1992; Kokaia et1 Present address: Mental Retardation Research Center, Univer-
al., 1993; Miranda et al., 1993; for review see Korshing,sity of California, Los Angeles, School of Medicine, Los Angeles,
California 90024. 1993). Indeed, the coexpression of neurotrophins and their
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receptors by subpopulations of peripheral and central neu- ation prior to and during the formation of a functional visual
projection.rons has suggested the importance of autocrine and para-
crine actions of neurotrophins (Schechterson and Bothwell,
1992; Kokaia et al., 1993; Miranda et al., 1993). Evidence
in culture showing that altering neurotrophin expression MATERIALS AND METHODS
prevents the differentiation and survival of sensory neurons
has provided further support for a role for neurotrophins as Rearing of X. laevis Tadpoles
autocrine agents during the development and maintenance
X. laevis embryos were reared in a modi®ed Rearing solution
of some neuronal populations (Wright et al., 1992; Acheson (20% Modi®ed Steinberg's solution: 60 mM NaCl, 0.67 mM KCl,
et al., 1995). 0.34 mM Ca(NO3)2, 0.83 mM MgSO4 , 10 mM Hepes, pH 7.4; R.
BDNF, a member of the neurotrophin family (Barde et al., Keller, 1991) plus 40 mg/liter gentamycin, after in vitro fertilization
of oocytes obtained from females primed by injection of human1982; Leibrock et al., 1989; Hohn et al., 1990), is a good
chorionic gonadotropin (Sigma). Staging of embryos was accordingcandidate for important roles during visual system develop-
to Niewkoop and Faber (1956).ment in several species, including amphibians. BDNF pro-
motes the survival of retinal ganglion cells (RGCs) in
culture (Johnson et al., 1986; Thanos et al., 1989; In Situ Hybridization
RodrõB guez-TeÂbar, 1989; Cohen-Cory and Fraser, 1994), and
The in situ hybridization procedure used was a modi®cation ofthe timing of BDNF dependency coincides with that of tar-
that described by U. StraÈhle (StraÈhle et al., 1994) and has appearedget ®eld innervation (RodrõB guez-TeÂbar, 1989; Cohen-Cory
elsewhere (Cohen-Cory and Fraser, 1994). In brief, stage 35 ±47 tad-and Fraser, 1994). BDNF is expressed in the optic tectum,
poles were ®xed in 4% paraformaldehyde, embedded in 1.5% agar-
the primary target of the RGCs, at the time that RGCs ose (electrophoresis grade), and saturated overnight in 30% sucrose
project there (Cohen-Cory and Fraser, 1994; Herzog et al., in PBS. Twenty-micrometer cryostat sections were hybridized at
1994) and can rescue adult RGCs that would otherwise die 587C for 18 hr with a solution containing 11 ±UTP digoxygenin-
following optic nerve lesion, presumably by substituting for labeled sense or antisense cRNA probes (2 mg/ml) in 50% for-
mamide, 0.3 M NaCl, 20 mM Tris±HCl (pH 8.0), 10 mM NaHP04their target-derived trophic support (Thanos et al., 1989;
(pH 7.4), 11Denhart's, 10% dextran sulfate, 0.5 mg/ml yeast tRNA,Mansour-Robaey et al., 1994). In addition, speci®c full-
and 10 mM DTT. A Xenopus-speci®c BDNF clone that codes forlength transcripts coding for TrkB (Klein, 1990a; Middlemas
10 amino acids of the terminal precursor region and 119 aminoet al., 1991), a member of the trk family of tyrosine kinase
acids of the mature BDNF (Isackson et al., 1991) was used to gener-
receptors (Kaplan et al., 1991) that is believed to act as a ate BDNF sense and antisense BDNF riboprobes; a Xenopus-speci®c
speci®c receptor for BDNF (Klein et al., 1991; Squinto et al., clone coding for the intracellular and catalytic domains of TrkB
1991; Soppet et al., 1991; Glass et al., 1991), are expressed by (Cohen-Cory and Fraser, 1994) was used to generate speci®c trkB
developing RGCs (Cohen-Cory and Fraser, 1994). Recent probes. After hybridization, sections were washed several times
at high stringency, preincubated with 2% heat-inactivated lambevidence showing that perturbations in the endogenous lev-
serum, 2 mg/ml bovine serum albumin (BSA) in PBS / 0.1%els of BDNF within the optic tectum of live Xenopus laevis
Tween-20 (PBTw), and incubated overnight with an alkaline phos-tadpoles alter the dynamics of optic axon arborization and
phatase-coupled digoxygenin antibody (Boheringer±Mannheim)the complexity of terminal arbors (Cohen-Cory and Fraser,
(1:1000 in PBTw, 2% heat-inactivated lamb serum, 2 mg/ml BSA).1995) suggests that BDNF acts as a target-derived trophic
Sections were allowed to develop for several hours in nitroblue
factor during RGC development in this species. In addition, tetrazolium (NBT; Sigma) and 5-bromo-4-chloro-3-indolyl phos-
the expression of BDNF message in the Xenopus eye at the phate (BCIP; Sigma) in alkaline phosphatase buffer (0.1 M Tris±
time of early retinal differentiation and outgrowth of the HCl, pH 9.5, 0.1 M NaCl, 50 mM MgCl2, 0.1% Tween 20). The
optic nerve ®bers (Cohen-Cory and Fraser, 1994) suggests average number of digoxygenin-positive cells present in the gan-
glion cell layer per retinal section was calculated by counting thepotential local roles for this neurotrophin, in addition to a
total number of clearly visible nuclei and the proportion of thosetarget-derived role.
cells whose cytoplasm was clearly labeled with the alkaline phos-To explore the potential roles of BDNF during Xenopus
phatase reaction product, from at least ®ve individual retinal sec-visual system development, we have examined the cellular
tions hybridized with either the BDNF or the trkB probes.
patterns of BDNF expression within the retina and optic
tectum and the effects of neutralizing antibodies to BDNF
during RGC development in culture. We show that BDNF Anterograde Labeling of RGC Axons with a
is expressed by discreet groups of cells in both the retina Lipophylic Dye, DiI
and optic tectum and that BDNF expression in the retina
Stage 42 ±43 tadpoles were anesthetized in Finquel, 40 mg/litercoincides with speci®c TrkB expression by RGCs and with
gentamycin, and modi®ed Rearing solution. A ®ne-pulled quartz
the localization of speci®c BDNF binding sites. Thus, our micropipette was used to pressure deliver a small amount of the
evidence supports both local autocrine/paracrine and target- lipophylic dye, DiI (DiI(3)-C18, 0.05% solution in 100% ethanol;
derived roles for this neurotrophin and suggests that BDNF Molecular Probes, Eugene, OR) directly into the nasal quarter of
the retina. The tadpoles were allowed to recover in fresh Rearingis needed to secure proper RGC development and differenti-
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solution and kept in the dark for 24 hr (until stage 45) prior to to medium-size cell body (15±20 mm in diameter) and one long
axonal process (longer than 150 mm; either branched or unbranched)sacri®ce. Tadpoles were anesthetized, sacri®ced, ®xed overnight in
4% paraformaldehyde, embedded in 1.5% agar, and saturated in were scored as retinal ganglion-like cells (RGLCs). Morphologically
identi®ed RGLCs showed morphological and neurotrophin respon-30% sucrose. Twenty-micrometer transverse cryostat sections
were mounted in aqueous mounting media and coversliped. siveness characteristics similar to those shown by differentiated
RGCs that were retrogradely labeled from the optic tectum and
grown in culture (see Cohen-Cory and Fraser, 1994). The culturesVisualization of Tectal Cell Processes by
were examined with a Zeiss Axiovert inverted microscope, withAnterograde and Retrograde Labeling with
phase contrast, and cell counts were obtained by counting the num-
Biotin±Dextran ber of RGLCs present after 5 days in culture (10% of the well
surface examined with a 20X objective). Cell counts were standard-Stage 42±43 tadpoles were anesthetized in Finquel, 40 mg/liter
ized so that 100% RGLCs was the number in control culturesgentamycin, and modi®ed Rearing solution. A ®ne-pulled quartz
performed at the same time. An analysis of variance (ANOVA) testmicropipette was used to pressure deliver a small amount of biotin±
was used for the statistical analysis of data.dextran (MW 3000 Da; Molecular Probes, Eugene, OR) directly over
the tectal surface. The tadpoles were allowed to recover in fresh
Rearing solution for 3 hr and were then anesthetized, sacri®ced,
and ®xed overnight in 4% paraformaldehyde, embedded in 1.5% Af®nity Cross-Linking
agar, and saturated in 30% sucrose. Twenty-micrometer cryostat
For some BDNF±receptor cross-linking experiments, retinal cellssections were obtained and reacted to reveal the biotin±dextran
grown for 5 days in culture (see above) were washed twice in NM tostaining using a standard avidin±biotin staining kit (ABC kit; Vec-
remove any endogenous BDNF; brie¯y incubated in 25 mM EDTA,tor Labs) and a diaminobenzidine±HRP reaction procedure.
0.6% glucose in phosphate-buffered saline; and harvested by aspira-
tion with a Pasteur pipette. Harvested cells were washed in amphib-
Tissue Dissociation and Cell Culture ian Hanks', pelleted, and kept frozen until assayed. Membranes
from cultured cells, isolated eyes, or optic tectum were preparedDissociated retina cell cultures were prepared as previously de-
and assayed for af®nity cross-linking with the speci®c agent 1-scribed (Cohen-Cory and Fraser, 1994). In brief, stage 42/43 tadpoles
ethyl-3-(3-dimethylaminopropyl)carbodiimide HCl (EDAC, Pierce),were anesthetized in 1:5000 Finquel in ®lter-sterilized modi®ed
as described by EscandoÂn et al., (1994). Immunoprecipitation of therearing solution; their eyes were dissected under sterile conditions,
cross-linked products with the 443 antibody to TrkB (Tsoulfas ettransferred to nutrient media (NM: 60% L15-GIBCO, 40% Niu
al., 1993, EscandoÂn et al. (1994) and af®nity chromatography inTwitty, 2 mM Hepes (pH 7.4), 6 mg/ml glucose, 2 mM glutamine,
Protein A±Sepharose were performed to determine their identity250 U penicillin, 250 mg/liter streptomycin), and stripped of the
following the cross-linking step. The 443 antibody, directed againstpigment epithelium and lens with ®ne forceps. The retinas were
the extracellular domain of TrkB, cross-reacts with TrkA and TrkCincubated in papain (Boheringer-Mannheim) and dispersed with the
(EscandoÂn et al., 1994). Cross-linked and immunoprecipitated sam-aid of a ®re-polished Pasteur pipette, as previously described (Co-
ples were denatured in SDS sample buffer and subjected to electro-hen-Cory and Fraser, 1994). Dissociated cells were plated in poly-
phoresis on a 6% polyacrylamide±SDS gels. The gels were driedD-lysine (0.1 mg/ml), laminin (10 mg/ml)-coated 12-well plates
and exposed for autoradiography.(Corning), containing NM / 2% heat-inactivated fetal calf serum
(GIBCO), at a density of 2 1 104 cells per well, and incubated in
humidi®ed chambers at 247C. Human recombinant BDNF (20 ng/
Data Analysis and Image Processingml ®nal concentration), generously provided by Genentech, Inc.,
and/or speci®c antibodies to BDNF (0.4 ±2 mg/ml of puri®ed IgG
For all experiments, sections were observed and photographed onfraction), generously provided by Dr. J. Carnahan of Amgen, Inc.,
a Zeiss Axiophot Microscope under Nomarski and/or ¯uorescencewere added to the culture medium at the time of plating. In some
optics. Photomicrographs were scanned using a slide (Color Im-experiments, cells were plated in the presence of NM / 2% fetal
aging Systems 3515) or a ¯atbed scanner (FX Omnimedia) into acalf serum without added factors to allow them to attach to the
Macintosh FX computer, processed using the Photoshop 2.5 soft-substrata (12 hr). The medium was then replaced by a chemically
ware, and printed with a Kodak 8800 printer.de®ned medium (SFM: 60% L15, 40% Niu Twitty, 2 mM Hepes,
pH 7.4, 3 mg/ml glucose, 0.1 mg/ml transferrin, 30 nM selenium,
10mg/ml insulin, 1 mg/ml bovine serum albumin, 2 mM glutamine,
250 U penicillin, 250 mg/ml streptomycin), and factors were then RESULTS
added. The medium was changed once after 2 days, and fresh tro-
phic factor or antibodies were added to maintain the ®nal concen- Expression of the BDNF Gene within the
tration speci®ed. The speci®city of the antibodies to bind and block Developing Xenopus Optic Tectum
BDNF and not other members of the neurotrophin family has been
shown both by ELISA immunoassays (Nawa et al., 1994) and by To determine which cell types express BDNF during Xen-
the inability of the antibody to block NT3 and NT4/5 effects on opus retinotectal map formation, we performed in situ hy-
cultured cortical and dorsal root ganglion cells (Ghosh et al., 1994). bridization on the developing retina and optic tectum. A
partial cDNA, coding for the mature form of Xenopus BDNF
Cell Count and Analysis of Data (Isackson et al., 1991), was used to generate speci®c digoxy-
genin-labeled antisense and sense RNA probes. Hybridiza-Retinal ganglion cells (RGCs) were identi®ed morphologically in
cultures grown for 4 to 5 days. Phase-bright neurons with a large- tion of transverse cryostat sections of Xenopus tadpoles
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from stages 35 to 47 showed speci®c cellular and temporal beginning at stage 40 of larval development, shortly after
the ®rst RGCs become postmitotic and begin growing axonspatterns of expression within the developing retina, the di-
encephalon, and the optic tectum, the primary target tissue (Jacobson, 1968; Beach and Jacobson, 1979; Holt et al.,
1988). At this stage, only a few digoxygenin-positive cellof RGCs: Cellular expression of the BDNF gene in dience-
phalic and mesencephalic brain regions was ®rst detected bodies were detected in each 20-mm-thick transverse retinal
section; these positive cell bodies always localized to theby in situ hybridization in the stage 39/40 tadpole (Figs. 1A
and 1C). The hybridization signal was weak over discreet ganglion cell layer (Fig. 3A). As development proceeds, more
digoxygenin-positive cell bodies were detected over the gan-groups of cells laying both dorsolaterally and ventrolaterally
in the mesencephalic gray matter and became more intense glion cell layer. Maximal cellular BDNF mRNA expression
was seen at stage 45, as determined by the number of cellsat later developmental stages. The highest level of cellular
expression, as determined by the relative intensity of the and the intensity of the hybridization signal (Figs. 3B and
3C). The relative number of digoxygenin-positive cells andalkaline phosphatase reaction product, was observed at
stage 45 (Fig. 1D). This sharp increase in the intensity of the intensity of the signal decreased by stage 47 (not shown).
The peak in cellular expression levels closely correlatesthe hybridization signal closely correlates with peak BDNF
mRNA levels in these tissues, as previously shown by with the peak in total BDNF mRNA levels within the devel-
oping Xenopus eye detected by RNase protection assaysRNase protection experiments (Cohen-Cory and Fraser,
1994). At the level of the rostral mesencephalon, cells lying (Cohen-Cory and Fraser, 1994). The patchy distribution of
digoxygenin-labeled cells within the ganglion cell layer atlaterally in close proximity to the tectal neuropil, as well
as subpopulations of cells in ventral mesencephalic nuclei, all developmental stages indicates that only subpopulations
of RGCs (40±60%; see Materials and Methods) express theexpressed the BDNF gene (Fig. 1D). In contrast to these
mature zones, no hybridization signals were observed over BDNF message. While speci®c antisense BDNF hybridiza-
tion signals localized almost exclusively to RGCs (Fig. 3; seeproliferating ventricular cells in the diencephalic ±mesence-
phalic region or in the caudal-most part of the mesencepha- below), expression did not correlate with any topographic
retinal position (not shown). Intensely stained RGCs werelon (not shown), where the developing tectum continues to
grow and expand by proliferation of neuronal precursor cells positioned at all subregions of the stage 45 retina, including
the newly formed ganglion cell layer at the periphery of the(Straznicky and Gaze, 1972). Only weak background signals
not associated with any particular brain area or cell type retina, near the ciliary margin (Fig. 3C). In some retinal
sections, one or two cells in the inner nuclear layer werewere observed after hybridization with control sense-BDNF
probes (Figs. 1B and 1E). positive for BDNF (Fig. 3B, arrowhead). By their location
within this layer and by their relative low number, theseThe relationship between the projecting retinal axons and
BDNF-expressing cells is illustrated by the comparison of BDNF-expressing cells are most likely misplaced RGCs; al-
ternatively, they could be a subpopulation of amacrine cellstransverse cryostat sections hybridized with the antisense
BDNF probe, with sections in which RGC axons were an- (see Dowling, 1987). In addition to RGCs, a positive hybrid-
ization signal was observed over a subpopulation of ciliaryterogradely labeled from the retina with the lipophylic dye,
DiI. At stage 45, speci®c hybridization reveals a wide distri- margin cells, a continuously proliferating and differentiat-
ing population of cells at the very edge of the amphibianbution of BDNF-expressing cells in the diencephalon (Fig.
2A), near the optic tract, where RGC axons course steeply retina (Jacobson, 1968; Straznicky and Gaze, 1971; Beach
and Jacobson, 1979; Wetts et al., 1989) (Fig. 3C). No signaldorsally (Fig. 2B). Groups of digoxygenin-positive cell bodies
were localized to ventral regions of the diencephalic gray was detected over any other retinal cell layer or cell type
after hybridization with the antisense BDNF probe: Onlymatter, as well as to more dorsolateral regions, next to the
diencephalic neuropil (Figs. 2A and 2B). At the level of the weak, almost undetectable, background signals, which did
not associate to any particular cell type or cell layer, wererostral mesencephalon (optic tectum), the highest expres-
sion of BDNF was seen in cell bodies in the dorsolateral observed after hybridization with a sense BDNF control
probe (Fig. 3D).and ventrolateral regions of the gray matter, just dorsal to
the caudal-most part of the infundibulum (Figs. 2C±2F). At The expression patterns of BDNF in the developing retina
were compared to those of its receptor, trkB, in alternatethis level, RGC axons begin to branch profusely in the tectal
neuropil, resulting in the more-dispersed and less-de®ned sections of the stage 45 retina hybridized in situ with either
the antisense BDNF probe or a Xenopus-speci®c trkB probe¯uorescent signal (Figs. 2D and 2F). This tectal neuropil is
constituted of projecting retinal ®bers (Fig. 2F) and dendrites (Cohen-Cory and Fraser, 1994). In situ hybridization with
an antisense trkB probe to the intracellular and tyrosineof mesencephalic gray matter neurons (Fig. 2G), of which
BDNF-expressing cell are part (Fig. 2D). kinase domains of this receptor revealed that a large portion
of cells in the ganglion cell layer, as well as a subpopulation
Expression of the BDNF Gene within the of cells in the inner nuclear layer, express the trkB gene
Developing Xenopus Retina (Figs. 4B, 4D, and 4F). By their location in the innermost
part of the inner nuclear layer, this last group of cells areHybridization with an antisense RNA probe showed that
BDNF message can be detected within the Xenopus retina most likely amacrine cells. A direct comparison of photomi-
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FIG. 1. Onset of BDNF expression in the developing optic tectum. In situ hybridization with a digoxygenin-labeled antisense BDNF probe
shows speci®c alkaline phosphatase reaction signals over the cytoplasm of midbrain cells of stage 40 and 45 tadpoles. (A) Transverse cryostat
section at the level of the rostral midbrain of a stage 40 tadpole shows weak digoxygenin-positive cell bodies in dorsal and ventral midbrain
cells. (B) An adjacent section to that in A, hybridized with a sense control BDNF probe shows no signal. (C) Sagittal section of a stage 40 tadpole
reveals that the highest BDNF-expressing cells are localized to the ventral part of the rostral midbrain, presumably in the developing ventral
mesencephalic nuclei (vmn). (D) Hybridization of a stage 45 tadpole with the antisense BDNF probe shows speci®c hybridization in ventral
mesencephalic nuclei (vmn) as well as in dorsolateral cells laying in close proximity to the tectal neuropil (np). (E) Hybridization of a stage 45
transverse section at the level of the rostral midbrain with a sense control BDNF probe shows no signal. D, diencephalon, M, mesencephalon;
me, melanocyte; R, rhombencephalon; T, telencephalon. Dorsal is up, ventral is down. Scale bar, 50 mm.
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crographs of alternate, adjacent sections hybridized with linked products were immunoprecipitated with the 443 an-
tibody to the tyrosine kinase domain of TrkB (Tsoulfas etthe BDNF or trkB probes revealed that BDNF message ex-
pression coincides in position with trkB expression in many al., 1993; EscandoÂ n et al., 1994). Electrophoresis of the im-
munoprecipitated cross-linked products identi®ed a 140-areas of the retina. In addition, high-magni®cation photomi-
crographs show that small groups of cells in the ganglion kDa band, corresponding to one identi®ed by cross-linking
only, as BDNF bound to a tyrosine kinase domain con-cell layer are positive for these two probes (Figs. 4E and 4F;
arrowheads). While absolute identi®cation of both hybrid- taining, Trk-like receptor (Fig. 5B). This complex most
likely represents a full-length form of TrkB. The other twoization signals to a single cell body is dif®cult, the close
correlation in the localization of positive BDNF and trkB complexes not recognized by the antibody, and identi®ed by
cross-linking only, may represent BDNF linked to truncatedhybridization signals to all cells in small retinal subregions
suggests that at least some RGCs coexpress these two genes. forms of TrkB, and possibly BDNF bound to the Xenopus
p75 low-af®nity neurotrophin receptor (Chao, 1992). Taken
together, these results then indicate that speci®c TrkB-likeBDNF Binding Sites Are Present in the Developing BDNF receptors are present in the developing visual system
Eye and Tectum and in Retinal Cells in Culture of X. laevis.
Our in situ hybridization data with the trkB probe coding
for the intracellular and tyrosine kinase domains of this
Speci®c Blockade of Endogenous BDNF Effects ongene indicate that RGCs possess the receptors needed for
Cultured RGC Survival and Differentiationthem to respond to BDNF directly. To determine whether
trkB message expression indeed coincides with the presence Previous studies have shown that exogenous BDNF pro-
motes the survival and differentiation of Xenopus RGCsof functional BDNF binding sites during development, we
performed a series of 125I-BDNF cross-linking experiments. in culture (Cohen-Cory and Fraser, 1994), yet a signi®cant
survival of RGCs was seen even in the absence of exogenousMembranes from stage 45/46 eyes and midbrains were iso-
lated and incubated with 125I-rhBDNF at concentrations suf- BDNF. The expression of the BDNF gene within the Xeno-
pus retina offers an explanation for these ®ndings and sug-®cient to bind both low- and high-af®nity sites, and the
BDNF±receptor complexes were cross-linked to its receptor gest that BDNF synthesized by RGCs provides some endog-
enous trophic support. To examine this possibility, we usedcomponents (Fig. 5A). These receptor complexes were de-
tected in stage 45±47 tectum and stage 40±45 eye mem- neutralizing antibodies to BDNF (a generous gift of J. Carna-
han) that speci®cally block its function (Ghosh et al., 1994;branes (Fig. 5A). Parallel experiments in which membranes
were prepared from retinal cells in culture show that BDNF see Materials and Methods) and studied their effects on
RGC survival and differentiation in dissociated cell culture.binding sites are localized to retinal cells and that these
neurons retain the ability to express BDNF receptors in RGCs were recognized by their characteristic morphology
(medium to large cell body, long axon, dendrites undifferen-culture (Fig. 5A). These cross-linked bands are displaced by
a 100-fold excess of cold BDNF (Fig. 5A). Similar to the tiated, if present; see Materials and Methods and Fig. 6) and
therefore were termed ``retinal ganglion-like cells''results in mammalian and chick brains (EscandoÂn et al.,
1994), only a fraction of the BDNF binding sites were dis- (RGLCs). Exposure to saturating concentrations of BDNF
(20 ng/ml) resulted in an 88% increase (P  0.001) in theplaced by excess NT-3 (Fig. 5B).
To determine whether any of the three receptors identi- number of RGLCs, compared to control untreated cultures
(Fig. 7; see also Cohen-Cory and Fraser, 1994). These effects®ed from the retinal and tectal membranes corresponded
to the previously identi®ed Trk receptors in other species, of exogenously applied BDNF were blocked by the simulta-
neous exposure to neutralizing antibodies: Recombinantmembranes were incubated with 125I-BDNF, and the cross-
FIG. 2. Expression of BDNF mRNA in the developing diencephalon and optic tectum, and its relation with projecting and arborizing
optic nerve ®bers. Transverse cryostat sections of stage 45 tadpoles hybridized in situ with an antisense BDNF probe (A, C, E) are compared
with equivalent sections of sibling embryos in which optic nerve ®bers were anterogradely labeled from the retina with the lipophylic
dye, DiI (B, D, F). (A) A transverse±oblique section at the level of the optic tract (B; arrowhead) shows digoxygenin-positive cell bodies
over dorsomedial, dorsolateral, as well as ventromedial cellular diencephalic regions. (C±F) Hybridization of transverse cryostat sections
at the level of the developing optic tectum shows individual digoxygenin-positive cell bodies that lay dorsolaterally (C, E), in close
proximity to the tectal neuropil (np). Note that cell bodies are all restricted to the central gray matter region, while DiI ®ber labeling is
restricted to the neuropil formed of arborizing optic nerve ®bers (D, F; diffuse DiI label) and mesencephalic neuritic processes (G; retro-
gradely labeled with biotin±dextran). High BDNF-expressing cell bodies also localize to the ventral mesencephalic nuclei (C), just dorsal
to the infundibulum (if). (E±G) High-magni®cation photomicrographs at the level of the optic tectum show some intensely stained
digoxygenin-positive cell bodies (E; black arrow) that lay in close proximity to branching retinal arbors (F; white arrow). As seen by the
retrograde label with biotin±dextran, this population of tectal cells project their dendrites (G; arrowhead) to the tectal neuropil, where
RGC axons arborize. Dorsal is up, ventral is down. Scale bar, 50 mm.
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BDNF (20 ng/ml) in combination with anti-BDNF (0.4 mg/ enous levels of BDNF within the optic tectum have signi®-
cant effects on both the in vivo dynamics of axon arboriza-ml) did not increase RGLC numbers above control levels
(Fig. 7; nonsigni®cant 6% increase, P  0.05). In contrast, tion and the complexity of axonal arbors (Cohen-Cory and
Fraser, 1995). Thus, the timing and cellular patterns ofexposure to the antibody alone resulted in a signi®cant de-
crease in RGLC numbers versus control untreated cultures: BDNF expression within the optic tectum, as well as the
effects of this neurotrophin during axon elaboration bothExposure to 0.4 mg/ml of anti-BDNF resulted in a 22% de-
crease in the number of RGLCs (P  0.001), while 2 mg/ml in culture and in vivo, support a target-derived role for this
neurotrophin during RGC development. BDNF expressionof anti-BDNF led to a maximal 28% reduction in the num-
ber of RGLCs (P 0.001). Similarly, exposure to the saturat- in the tectum continues throughout larval development, as
more RGCs are born, integrate into the growing retina anding concentration of anti-BDNF (2 mg/ml) in combination
with BDNF resulted in a 26% decrease (P  0.001) in the project to the tectum and as the retinotectal map re®nes
(Jacobson, 1968; Beach and Jacobson, 1979; Wetts et al.,number of RGLCs versus control untreated cultures (Fig. 7).
A speci®c anti-BDNF effect was observed whether cultures 1989; O'Rourke and Fraser, 1990). Thus, BDNF may be in-
volved in the continual development and re®nement of thewere grown in the presence of a low concentration of serum
(2%) or in a chemically de®ned, serum-free medium (see retinotectal map.
In addition to the retinal projection-associated areas,Materials and Methods and Fig. 7). Together, these results
indicate that while BDNF promotes RGC survival and dif- BDNF expression was also observed in several ventral dien-
cephalic and mesencephalic nuclei that lay dorsally to theferentiation, the effects of both exogenously applied BDNF
and an endogenous factor can be speci®cally blocked by developing infundibulum (e.g., Figs. 1 and 2). BDNF-ex-
pressing cells belong to discrete neuronal nuclei that areantibodies to BDNF.
among the earliest to develop and differentiate within the
tadpole brain, as shown by their expression of neuro®la-
ment proteins (S.C.-C. unpublished) and may correspondDISCUSSION
to the earliest differentiated dopaminergic and GABAergic
neurons in the Xenopus brain (Roberts et al., 1987; GonzaÂ-
Expression of BDNF in RGC Target Areas lez et al., 1994). This suggests possible roles for BDNF dur-
ing the development of diverse Xenopus neuronal popula-The cellular patterns of BDNF expression within the de-
tions in addition to RGCs.veloping optic tectum indicate that BDNF is expressed in
RGC target areas. The highest expression of BDNF was ob-
served in cell bodies juxtaposed to the tectal neuropil and Expression of BDNF Message by RGCs Suggests
along the pathway followed by retinal axons. Expression Possible Local Actions
of BDNF was ®rst detected on tectal cells by stage 40 of
development, when the ®rst axons arrive and arborize in In situ hybridization showed that expression of BDNF
within the developing retina was largely restricted to thethe optic tectum (Holt et al., 1988). BDNF peaks at stage
45 of development, coincident with the re®nement of reti- retinal ganglion cell layer. In some retinal sections, expres-
sion of BDNF was observed in a few cells in the inner nu-notectal patterning (O'Rourke and Fraser, 1990). It is at this
same developmental period that perturbations in the endog- clear layer. By their position and number these are likely
FIG. 3. Expression of BDNF mRNA in the developing Xenopus retina. Transverse sections through stage 40 (A) and 45 (B and C) retinas
hybridized in situ with a digoxygenin-labeled antisense Xenopus BDNF probe show speci®c cytoplasmic hybridization signals over cell
bodies in the ganglion cell layer (gcl) and the ciliary margin cells (cm). In some stage 45 retinal sections, one to two digoxygenin-labeled
cells were observed in the inner nuclear layer (inl) (B; arrowhead). Note the increase in both the intensity and number of digoxygenin-
positive cells in the gcl of stage 45, versus the stage 40, retina. Due to the conditions of the hybridization procedure (see Materials and
Methods), the speci®c cytoplasmic hybridization signal is excluded from the large cell nuclei. (D) Hybridization of a stage 45 retina with
a sense BDNF probe shows no hybridization signal. ipl, inner plexiform layer; onl, outer nuclear layer; opl, outer plexiform layer; pe,
pigmented epithelium. Dorsal is up, ventral is down. Scale bar, 50 mm.
FIG. 4. In situ hybridization for BDNF and trkB shows the colocalization of these two messages to particular retinal areas. Fifteen-
micrometer alternate cryostat sections of stage 45 Xenopus retina were hybridized with digoxygenin-labeled antisense Xenopus BDNF
(A, C, E) or trkB probes (B, D, F). Speci®c cytoplasmic hybridization signals were localized to the ganglion cell layer (gcl) after hybridization
with the BDNF probe (A, C, E), whereas speci®c hybridization signals were localized to both the ganglion cell layer (gcl) and innermost
part of the inner nuclear layer (inl) after hybridization with the trkB probe (B, D, F). High-magni®cation photomicrographs of adjacent
retinal sections hybridized with these two probes revealed that both BDNF (E) and trkB (F) digoxygenin-positive cell bodies colocalize to
the same area in the ganglion cell layer. Arrowheads and asterisks point to two groups of cells, which are positive for the BDNF (E) and
trkB (F) probes, respectively. The retinal areas outlined by the brackets in C and D are shown as high-magni®cation photomicrographs
in E and F, respectively. Scale bar for E and F is 20 mm.
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provided positive identi®cation of one of the three BDNF
cross-linked complexes (140 kDa) as being BDNF bound to
a full-length form of a Trk-like receptor. This suggests that
this receptor complex represents the functional form of
TrkB. Thus, the localization of TrkB-like, BDNF binding
sites to the developing retina, together with the cellular
patterns of trkB message expression, suggests that both
RGC and amacrine cells are responsive to BDNF.
Our in situ hybridization studies showing spatial localiza-
tion of BDNF and trkB message expression to particular
subregions of the retina suggest both paracrine and auto-
crine modes for BDNF action during retinal development:
BDNF expressed by RGCs may provide trophic paracrine
support for amacrine cells that express the trkB gene. Simi-
larly, BDNF expressed by some RGCs may act in a paracrineFIG. 5. Detection of BDNF receptors by af®nity cross-linking and
fashion on neighboring RGCs expressing the trkB gene. Fur-immunoprecipitation. Membranes isolated from eyes, optic tecta,
thermore, the colocalization of BDNF and trkB messagesand cultured retinal cells were incubated with 1 nM 125I-BDNF
and cross-linked with EDAC. (A) A BDNF±receptor complex of to all cells in small subregions of the ganglion cell layer
approximately 140 kDa (arrowhead) can be readily identi®ed in all makes it likely that some RGCs coexpress these two genes.
samples, including cultured retinal cells. In addition, two bands of This suggests an autocrine mode of BDNF action during
approximately 90 and 100 kDa (arrows) are seen. In all cases, all RGC development. The localization of BDNF binding sites
bands were speci®cally displaced by incubation with excess unla- to the developing optic tectum and the expression of the
beled BDNF (see Retina Culture; /cBDNF). (B) Immunoprecipita-
BDNF and trkB genes in this tissue (Cohen-Cory and Fraser,tion of the cross-linked products with the 443 antibody to TrkB
1994) suggest potential local roles for BDNF within the op-reveals a speci®c band of 140 kDa, identical to that observed in
tic tectum, in addition to its autocrine/paracrine rolesthe cross-linked products. Incubation with iodinated BDNF in the
within the developing retina.presence (/cNT3) or absence (0cNT3) of excess unlabeled NT3
shows that the 140-kDa immunoprecipitated product is only par-
tially displaced by incubation with excess NT3, similar to that
reported for authentic TrkB in rat and chick (EscandoÂn et al., 1994). Effects of Neutralizing Antibodies to BDNF
Support a Local Role for BDNF within the
Developing Retina
Our culture results indicate the presence of an endoge-to be misplaced RGCs or a small subpopulation of amacrine
cells (see Dowling, 1987). In addition to RGCs, a subpopula- nous trophic factor that is speci®cally neutralized by anti-
bodies to BDNF. Anti-BDNF signi®cantly reduced RGLCtion of ciliary margin cells expressed the BDNF gene. The
ciliary margin of amphibian eyes is populated by both prolif- numbers in the absence of any added exogenous trophic
factors. This effect was observed whether cultures wereerating precursor cells and differentiating neuroblasts that
integrate into the edge of the retina, give rise to all retinal grown in the presence of a low concentration of serum (2%)
or in a chemically de®ned, serum-free medium (see legendcell types, and form part the functional retinal circuitry as
it continues to develop (Jacobson, 1968; Beach and Jacobson to Fig. 7). This indicates that the antibody speci®cally
blocks the effect of a factor that is being synthesized and1979; Gaze et al., 1979; Reh and Constantine-Paton, 1984;
Wetts et al., 1989). Therefore, BDNF expression appears at released by the retinal cells in culture and is not part of the
culture medium. In addition to promoting survival, previ-the two sites that may require trophic support: the RGC
layer early in development and the ciliary margin, where ous qualitative analyses of BDNF effects show that this
neurotrophin promotes RGC axon elaboration both in cul-retinal development continues.
The cellular expression of trkB, the speci®c receptor for ture and in vivo; these effects were also blocked by anti-
BDNF (Cohen-Cory and Fraser, 1995). Thus, the high speci-BDNF, supports a local role for this neurotrophin within
the developing retina. Full-length trkB transcripts were ®city of the BDNF antisera used in these studies (Ghosh et
al., 1994; Nawa et al., 1994; see Materials and Methods)found to be expressed by a subpopulation of RGCs and by
cells in the inner nuclear layer that are most likely amacrine together with the lack of a signi®cant effect by neurotroph-
ins other than BDNF during Xenopus RGC developmentcells (Cohen-Cory and Fraser, 1994; and present results).
Our cross-linking studies show that trkB message expres- in culture (Cohen-Cory and Fraser, 1994) indicate that the
source of neurotrophic effect within the developing retinasion coincides with the localization of speci®c BDNF bind-
ing sites in the developing Xenopus retina and in its target is most likely BDNF itself. Together, this evidence supports
a local role for BDNF and suggest that retinal BDNF expres-tissue, the optic tectum. Speci®c immunoprecipitation
with antibodies that recognize the kinase domain of TrkB sion is responsible, at least in part, for the survival and
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FIG. 6. Mophological features of cultured retinal ganglion-like cells (RGLCs). (A±C) Phase photomicrographs of stage 42/43 Xenopus
retinal cells grown in dissociated cell culture for 4 days. Retinal ganglion cells were identi®ed by their characteristic morphology (phase-
bright neurons with a large- to medium-size cell body and one long axonal process, either branched or unbranched) and therefore termed
retinal ganglion-like cells (RGLCs). RGLCs showed morphological and neurotrophin responsiveness characteristics similar to those shown
by differentiated RGCs that were retrogradely labeled with DiI from the optic tectum and grown in culture (Cohen-Cory and Fraser, 1994).
(A) Arrowheads point to a RGLC with a branched axonal process, grown in the presence of 20 ng/ml of BDNF. (B and C) Arrowheads
point to unbranched RGLCs grown in the absence (B) or presence (C) of BDNF. Scale bar, 50 mm.
differentiation of RGCs in the absence of possible neuro- RGCs remains independent of BDNF trophic support. Our
®ndings that during development only a subpopulation oftrophic support from target areas.
While anti-BDNF completely blocked the survival and RGCs express the trkB gene (Cohen-Cory and Fraser, 1994;
and present results) are consistent with this possibility. An-differentiation effects of exogenously administered BDNF,
some RGLCs still survived and differentiated in culture, other possibility is that endogenous BDNF, released in the
proximity to functional receptor sites, may bind and haveeven in the presence of high concentrations of the neutraliz-
ing antibody. This might suggest that a subpopulation of an effect before the antibody has access to the trophic factor
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FIG. 7. Effects of BDNF and anti-BDNF on RGLC number. Retinal cells in culture were grown under control conditions (control) or in
the presence of anti-BDNF (Anti-BDNF 0.4 mg/ml; Anti-BDNF 2 mg/ml), BDNF, or anti-BDNF in combination with BDNF (BDNF / Anti-
B 0.4 mg/ml; BDNF / Anti-B 2 mg/ml). Numbers of RGLCs, identi®ed by their morphology (morphological features of RGLCs appeared
after 2±3 days in culture), were obtained by analyzing 10% of the well after 5 days in culture. Analysis was performed in triplicate wells
per experiment, from three independent experiments. Data are expressed as percentages of RGLC numbers compared to controls grown
in the absence of added factors. Each experimental value represents mean cell number{ SEM. Statistical analysis was by one-way ANOVA,
using the Scheffe F test; P  0.001. *Statistically different from control and BDNF. **Statistically different from all other conditions. For
comparison, absolute numbers in NM/ 2% fetal calf serum are: control 865 { 44.3; Anti-BDNF (0.4 mg/ml) 642 { 6.9; Anti-BDNF (2 mg/
ml) 604 { 27.7; BDNF 1641 { 88.7; BDNF / Anti-B (0.4 mg/ml) 858 { 27.1; BDNF / Anti-B (2 mg/ml) 709 { 44.5. In serum-free medium
are: control 906 { 2.7; Anti-BDNF (2 mg/ml) 645 { 8.3.
to block its function. This may be the case for the subpopu- ron development and suggests that this neurotrophin modu-
lates visual system development, at least in part by actinglation of RGC that appears to express both BDNF and func-
tional receptors for BDNF. as a local, autocrine trophic factor for developing RGCs.
Both autocrine/paracrine- and target-derived mechanismsEvidence on the spatial patterns of expression of the neu-
rotrophins and their speci®c receptors by both central and of neurotrophic control provide new insights in the study
of mechanisms controlling the formation of functional neu-peripheral neurons (Wetmore et al., 199; Ernfors et al., 1992;
Kokaia et al., 1993; Miranda et al., 1993; for review see ronal circuitries in a variety of systems. In the form of auto-
crine/paracrine interactions, a neurotrophic factor wouldKorshing, 1993) has suggested that neurotrophins may act
as autocrine and paracrine agents during development. The assure trophic support for developing and differentiated
neurons until target contact is established. The same neuro-cellular coexpression of BDNF and trkB by subsets of mam-
malian sensory neurons (Schechterson and Bothwell, 1992; trophic factor released from the target tissue may support
survival, promote axonal elaboration, and participate in theWright et al., 1992) and evidence in culture showing that
antisense oligonucleotides to BDNF block the differentia- maintenance of functional connections. In the visual sys-
tem of Xenopus, BDNF is a candidate molecule to play suchtion and survival of developing and adult dorsal root gan-
glion neurons (Wright et al., 1992; Acheson et al., 1995) roles: In the retina, RGCs express BDNF; the same neuronal
population expresses the speci®c receptor TrkB, and expo-suggested an autocrine role for BDNF during sensory neuron
development. The present work provides evidence that sup- sure of retinal cultures to neutralizing antibodies to BDNF
diminishes the survival and differentiation of RGCs. Thisports an autocrine mode of BDNF action during central neu-
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BDNF/NT-3-dependent survival and proliferation of ®broblastsevidence, together with in vivo evidence on the role of
lacking the low-af®nity NGF receptor. Cell 66, 405±413.BDNF during axon arborization (Cohen-Cory and Fraser,
GonzaÂ lez, A., MarõB n, O., Tuinhof, R., and Smeets, W. J. A. J. (1994).1995) and on the expression of BDNF by the target optic
Ontogeny of Catecholamine systems in the central nervous sys-tectum at the time that retinal connections are being made,
tem of anuran amphibians: An immunohistochemical study withsupports both autocrine/paracrine- and target-derived roles
antibodies against tyrosine hydroxilade and dopamine. J. Comp.
for this neurotrophin during visual system development. Neurol. 346, 63±79.
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